Thrombus formation in hemostasis or thrombotic disease is initiated by adhesion of circulating platelets to damaged blood vessel walls. Exposed subendothelial collagen interacting with platelet glycoprotein (GP) VI leads to platelet activation and integrin ␣ IIb ␤ 3 -mediated aggregation. We previously showed that ligand binding to GPVI also induces metalloproteinase-dependent shedding, generating an ϳ55-kDa soluble ectodomain fragment and an ϳ10-kDa membrane-associated remnant. Here, treatment of platelets with collagen or the GPVI-targeting rattlesnake toxin convulxin also induces rapid (10 -30 s) formation of a high molecular weight GPVI complex (GPVIc) under nonreducing conditions, as detected by immunoblotting with anti-GPVI antibodies. The appearance of an ϳ20-kDa remnant detectable using a polyclonal antibody against the GPVI cytoplasmic tail under nonreducing, but not reducing, conditions after ectodomain shedding and nonreduced/reduced two-dimensional SDS-polyacrylamide gel analysis of biotinylated platelets confirmed that that GPVIc was a homodimer. Formation of disulfide-linked GPVIc was prolonged in the presence of metalloproteinase inhibitor GM6001 and was independent of GPVI signaling because it was unaffected by inhibitors of Src kinases, Syk, or phosphoinositide 3-kinase. To identify the thiol involved in disulfide bond formation, wild-type or mutant GPVI, where two available sulfhydryls (Cys-274 and Cys-338) were individually mutated to serine, was expressed in rat basophilic leukemia cells. Dimerization of wild-type and C274S GPVI, but not the C338S mutant, was observed after treating cells with convulxin. We conclude that (i) a subpopulation of GPVI forms a constitutive dimer on the platelet surface, facilitating rapid disulfide cross-linking, (ii) convulxin or other GPVI agonists induce disulfide-linked GPVI dimerization independent of GPVI signaling, and (iii) the penultimate residue of the GPVI cytoplasmic tail, Cys-338, mediates disulfide-dependent dimer formation.
The ability of platelets to adhere at sites of vascular damage is a fundamental requirement of platelet function. Circulating platelets adhere to exposed collagen in an injured vessel wall in a process requiring rapid activation of multiple signaling events. The platelet collagen receptor, glycoprotein (GP) 2 VI, predominantly mediates intracellular signaling that leads to activation of the platelet integrin ␣ IIb ␤ 3 , which binds fibrinogen or von Willebrand factor and mediates platelet aggregation (1, 2) . Platelet adhesion is stabilized by the additional collagen receptor, ␣ 2 ␤ 1 (3) . Ligands other than collagen, such as collagen-related peptide (CRP) (4) and the snake venom protein convulxin (5), rapidly induce platelet aggregation by binding to distinct but overlapping sites on GPVI (6, 7) . Engagement of GPVI (ϳ65 kDa) also induces metalloproteinase-dependent loss of GPVI from the platelet surface and the release of a soluble ϳ55-kDa ectodomain fragment of GPVI (8, 9 ) by a mechanism that may be distinct from that involved in cleavage of other platelet receptors (10 -12) .
GPVI is a platelet-specific receptor of the immunoglobulin (Ig) superfamily, containing two extracellular Ig domains, a single transmembrane domain, and a cytoplasmic tail of ϳ51 residues (13, 14) . Mature GPVI contains six Cys residues, four of which maintain the tertiary structure of the ectodomain via a disulfide bond in each Ig domain. Cys residues at the extracellular domain/membrane interface and at the penultimate position within the cytoplasmic tail (13) have no known function.
Our laboratory recently showed that GPVI associates with GPIb␣ (the major ligand-binding subunit of the GPIb-IX-V complex) on resting and activated platelets (15) and that these receptors act synergistically in human or mouse platelets, particularly at low agonist concentrations (16 -20) . GPVI is also noncovalently associated with the Fc receptor ␥ chain (FcR␥), required for GPVI surface expression. GPVI signals via an immunoreceptor tyrosine activation motif (ITAM) within the FcR␥ cytoplasmic tail. Ligand-induced cross-linking of GPVI/ FcR␥ enables phosphorylation of the ITAM by GPVI-associated Src kinases, Fyn and Lyn, and ITAM-dependent activation of Syk kinase upstream of pathways leading to (a) activation of * This work was supported by the National Health and Medical Research Council and the National Heart Foundation of Australia. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 1 ␣ IIb ␤ 3 , and (b) activation of metalloproteinases involved in GPVI shedding (14, (21) (22) (23) (24) . Receptor cross-linking, therefore, appears to be a critical mechanism for amplifying signaling responses by GPVI (1, 25, 26) and other Ig family immunoreceptors (27) (28) (29) (30) (31) . This is consistent with recent crystallographic data showing dimerization of ectodomain fragments of GPVI (32) and the ITAM-bearing immunoreceptor Fc␥RIIa (46) , both of which contain two extracellular Ig domains. Recently, Berlanga et al. (33) , using chemical cross-linking and bioluminescence resonance energy transfer analysis, also showed GPVI oligomerization on nonstimulated platelets, suggesting the presence of preexisting constitutive dimers separated by Ͻ10 nm, and that multivalent ligands induce higher level clusters involving receptors distant by 10 nm or more. In this case, chemically cross-linked GPVI also contained FcR␥. In the course of studies on the association of GPIb-IX-V and GPVI (15), we noticed a high molecular weight complex immunoreactive to anti-GPVI antibodies when samples were run on SDS-polyacrylamide gels under nonreducing conditions. In this paper, we show that this band represented a ligand-induced disulfide-dependent GPVI homodimer. Mutation of Cys-338 within the GPVI cytoplasmic domain, but not the other available sufhydryl at Cys-274, prevented dimerization, demonstrating an unusual role for the penultimate residue, Cys-338. Together, these results provide unique evidence supporting the presence of constitutive GPVI homodimers on the platelet surface and demonstrate that GPVI agonists can induce transient disulfide-dependent dimerization of GPVI independent of platelet activation.
MATERIALS AND METHODS
Antibodies-A murine monoclonal antibody, 6B12, against human platelet GPVI ectodomain has been characterized previously (8, 34) . Rabbit IgG against the cytoplasmic tail of GPVI (23) was raised and affinity-purified as described previously (35, 36) . Horseradish peroxidase (HRP)-conjugated or fluorescein isothiocyanate-conjugated anti-mouse and anti-rabbit Ig antibodies raised in sheep were from Chemicon (Melbourne, Australia). Avidin-HRP was from Sigma.
Reagents-Purified convulxin from the venom of the South American rattlesnake Crotalus durissus terrificus was a kind gift from Dr. Kenneth Clemetson (Berne, Switzerland). The GPVI-specific agonist, CRP, with amino acid sequence GCO(GPO) 10 GCOG-NH 2 , where O represents hydroxyproline (Mimotopes, Clayton, Victoria, Australia), was crosslinked using the chemical cross-linker (3-(2-pyridyldithio)propionic acid N-hydroxysuccinimide (Sigma) as described previously (37) . GM6001, a hydroxamic acid-based metalloproteinase inhibitor with broad specificity (38) , calmodulin inhibitor W7 (N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide), inhibitors of Src family kinases (PP2), phosphoinositide 3-kinase (wortmannin), and Syk kinase (piceatannol) were obtained from Calbiochem. Complete TM protease inhibitor mixture tablets were obtained from Roche Diagnostics (Mannheim, Germany).
Platelet Aggregation-Human platelets were isolated from venous blood using a 19-gauge winged infusion kit with acid citrate dextrose as the anticoagulant, and washed three times in CGS buffer (37.5 mM trisodium citrate, 5 mM glucose, 0.15 M NaCl, pH 7.0), as described previously (39 7.4) . Platelet aggregation was induced by addition of convulxin (0.5 g/ml, final concentration) with stirring at 900 rpm in a Lumiaggregometer (Chronolog, Havertown, PA) at 37°C. Assays were terminated by the addition of one-quarter volume 4ϫ nonreducing SDS sample-loading buffer.
Analysis of Platelets Treated with GPVI Agonists-To examine the effect of GPVI ligands on platelet GPVI, aliquots (0.1 ml) of washed platelets were mixed with 0.1 ml of Tyrode's buffer containing (final concentration) convulxin (0.01-3 g/ml), collagen (20 g/ml), or the calmodulin inhibitor W7 (150 M) and incubated at room temperature for the indicated times. Some platelet suspensions also contained wortmannin (0.1 M), piceatannol (30 g/ml), PP2 (10 M), or the metalloproteinase inhibitor GM6001 (0.1 mM) added 10 min before the addition of agonist. Incubations were halted by adding 10 mM EDTA (final concentration), and platelets were pelleted by centrifugation at 15,000 ϫ g for 2 min. The supernatant was mixed with one-quarter volume 4ϫ nonreducing SDS sample-loading buffer. Platelet pellets were lysed with 0.25 ml of lysis buffer (20 mM Tris-HCl, pH 7.4, 5 mM EGTA, 1% (v/v) Triton X-100) plus Complete proteinase inhibitor on ice for 30 min. Lysates were mixed with one-quarter volume 4ϫ nonreducing SDS sample-loading buffer, resolved on SDS-5-20% polyacrylamide gels, and electrotransferred to polyvinylidene difluoride (PVDF) membranes. Membranes were blocked with 0.01 M Tris-HCl, 0.15 M NaCl, pH 7.4 (TS buffer) containing 5% (w/v) skim milk and 0.1% (v/v) Tween-20. GPVI was detected using 1-5 g/ml anti-GPVI antibodies and HRP-conjugated IgG secondary antibodies and visualized by chemiluminescence (Amersham Biosciences).
Two-dimensional SDS-Polyacrylamide Gel Analysis of Biotinylated Platelets-Washed human platelets were either unlabeled or labeled with N-hydroxysuccinimide-biotin (Sigma) according to the manufacturer's instructions and were treated with convulxin (0.5 g/ml) for 3 min at room temperature to induce GPVI dimer formation. Biotinylated platelets were lysed in TS buffer containing 1% (v/v) Triton X-100, 5 mM EGTA, and protease inhibitor mixture, precleared with protein A-Sepharose, and immunoprecipitated with rabbit anti-GPVI tail antibody (40) using methods described previously (15) . Samples of convulxin-treated unlabeled or biotinylated platelet lysates and immunoprecipitates were Western blotted with anti-GPVI monoclonal antibody 6B12 as described above. For two-dimensional gel analysis, biotinylated platelet lysate was resolved in the first dimension under nonreducing conditions on SDS-7.5%-polyacrylamide tube gels and in the second dimension under reducing conditions on SDS-7.5%-polyacrylamide slab gels essentially as described previously (41, 42) . After electrotransfer, the PVDF membrane was Western blotted with anti-GPVI monoclonal antibody 6B12, stripped and reprobed with avidin-HRP, and visualized by chemiluminescence as described above.
Expression of Wild-type and Mutant GPVI-Rat basophilic leukemia (RBL) cells were cultured in Dulbecco's modified
Eagle's medium supplemented with 10% (v/v) fetal bovine serum (CSL, Melbourne, Australia), 0.75% (w/v) NaHCO 3 , and 1 mM sodium pyruvate, as well as penicillin, streptomycin, and antimycin. RBL cells were stably transfected with wild-type human GPVI cDNA in growth medium containing 1.0 mg/ml G418 as described previously (43) . Cys to Ser point mutations were introduced into GPVI cDNA at amino acid positions 274 and 338 (residue numbers according to Ref. 13) using the PCR method of QuikChange mutagenesis, and selected in G418-containing medium as described above. Oligonucleotides for mutagenesis were as follows: C274S (23-mers) forward primer, GGTCCGGATATCCCTCGGGGCTG, and reverse primer, CAGCCCCGAGGGATATCCGGACC; and C338S (31-mers) forward primer, CACAGCCGCGGGT-TATCTTATGATCTAGAG, and reverse primer, CTCTA-GATCATGAAGATAACCCGCGGCTG. Cells were sorted for expression of GPVI using a FACSvantage DiVa (BD Biosciences) with anti-GPVI monoclonal antibody 6B12, and cells positive for GPVI isolated. Expression of wild-type and mutant GPVI was monitored by flow cytometry and Western blotting using 6B12.
Ligand-induced Dimerization of GPVI on RBL Cells-RBL cells expressing wild-type and mutant GPVI were plated onto 6-well plates 24 h prior to an experiment to achieve Ͼ90% confluency. Culture medium was removed and cell monolayers rinsed three times with phosphate-buffered saline (PBS) buffer (0.01 M NaH 2 PO 4 , 0.15 M NaCl, pH 7.4) containing 1 mM Ca 2ϩ / Mg 2ϩ , and then treated with either PBS alone or PBS containing 0.5 g/ml convulxin at 37°C. Cells were lysed in TS buffer containing 1% (v/v) Triton X-100 and protease inhibitor mixture, cleared of nuclei and cell debris by centrifugation and analyzed by Western blot as described above.
RESULTS

Rapid Ligand-induced Induction of a High Molecular Weight
GPVI Complex on Platelets-In resting platelets, GPVI is present as an ϳ65-kDa monomer under both reducing and nonreducing conditions (8) (Fig. 1A) . However, treatment of platelets with the snake venom protein convulxin induced both platelet aggregation (Fig. 1B) and the appearance of a high molecular weight GPVI complex (GPVIc) at ϳ120 kDa under nonreducing conditions, detectable by Western blotting with anti-GPVI antibody 6B12 (Fig. 1A) . GPVIc was not detectable under reducing conditions (Fig. 1C) , indicating that the complex involved a disulfide bond(s). Levels of GPVIc were detectable in 15 s, peaked at 1-3 min (Fig. 1A) , and began to disappear after 3 min. The loss of GPVIc corresponded to maximal platelet aggregation (Fig. 1B) and to the metalloproteinase-dependent cleavage of intact GPVI (8) that occurs more slowly (3-60 min), resulting in the appearance of the ϳ55-kDa ectodomain fragment (GPVIf). GPVIc was also present in lysates of platelets treated with collagen (see below) and CRP (data not shown) under nonreducing conditions; however, convulxin is a more potent agonist, presumably related to the extent of ligand-induced cross-linking, and was used for further analysis. The generation of GPVIc after 30 s was proportional to the agonist concentration ( Fig. 1D) . At maximal levels (1-3 g/ml convulxin), the amount of GPVIc represented 60 -70% of total platelet GPVI. At this time point (30 s), GPVI shedding from the platelet surface is negligible (Fig. 1A) , confirming that formation of GPVIc on the platelet surface occurred prior to receptor shedding.
To assess whether GPVIc was a homodimer, convulxintreated biotinylated platelets were analyzed on two-dimensional nonreduced/reduced SDS-polyacrylamide gels. The formation of ligand-induced GPVIc was unaffected by biotinylation, was immunoprecipitated by anti-GPVI tail antibody ( Fig. 2A) , and produced a single spot on a two-dimensional gel recognizable by both anti-GPVI antibody and by avidin-HRP (Fig. 2B, arrow) . Anti-GPVI and avidin-HRP also recognized a spot corresponding to GPVI monomer in both dimensions (Fig. 2B) . These results suggest that the GPVIc is a homodimer of GPVI. Fig. 1 suggest that the formation of GPVIc occurred rapidly (within 15 s). GPVI signaling that occurs on this time scale (5, 8, 44, 45) , however, was not required for dimer formation. When platelets were incubated with inhibitors of the GPVI-related signaling molecules, Src family kinases (PP2; 10 M), Syk (piceatannol; 30 g/ml) or phosphoinositide 3-kinase (wortmannin; 0.1 M), convulxininduced GPVIc was detected after 30 s (Fig. 3A) . Consistent with previous results (8), these inhibitors blocked ligand-induced shedding of the ϳ55-kDa GPVI fragment (Fig. 3A) and inhibited proteolysis of GPVIc (cf. Fig. 1A) . These results indicate that GPVIc is formed prior to the onset of ligand-induced GPVI signaling and that GPVI signaling is not required for GPVIc formation. In this regard, we only tested inhibitors related to GPVI-dependent signaling but do not rule out the possibility that other pathways associated with GPVI function (46) might affect disulfide bond formation.
GPVIc Formation Is Not Blocked by Inhibitors of GPVI Signaling-Results shown in
The dissociation of calmodulin from its binding site within the GPVI cytoplasmic tail is an early event that occurs upon GPVI ligand binding (47) , and calmodulin dissociation induced by treatment of platelets with calmodulin inhibitors such as W7 triggers ligand-independent shedding of GPVI after 2 h (8). To assess a possible role for calmodulin in regulating GPVIc, platelets were treated with W7 and lysates analyzed under nonreducing conditions. However, treatment with W7 (150 M, final concentration) up to 2 h did not induce formation of GPVIc (Fig. 3B) , although as observed previously (8) , shedding of GPVI occurred after 2h (Fig. 3B) . Taken together, these results indicate that formation of GPVIc occurs within seconds of ligand binding, and is independent of downstream ligand-induced GPVI signaling events or calmodulin association. The possible involvement of membrane raft domains was also assessed; however, the raft-disrupting reagent methyl-␤-cyclodextrin (15) did not affect formation of the high molecular weight GPVI complex (data not shown).
GPVIc Is Stable When GPVI Ectodomain Shedding Is BlockedSimilar to inhibitors of GPVI signaling that block ligand-induced metalloproteinase-mediated proteolysis of GPVI and GPVIc, the metalloproteinase inhibitor GM6001, previously shown to block ligand-induced shedding of GPVI (8), also protects convulxin-induced GPVIc on platelets (Fig. 4A) . Under these conditions, collagen also induces formation of the disulfide-linked form of GPVI (Fig. 4C) . This shows that the disulfide-linked form of GPVI is the same as that induced by convulxin and that it is less abundant than the convulxin-induced form. Lysates of convulxin-treated platelets were also probed FIGURE 2. Two-dimensional nonreduced/reduced SDS-PAGE analysis of GPVIc. A, Western blot with anti-GPVI monoclonal antibody 6B12, convulxintreated, unlabeled, or biotinylated platelet lysates, or biotinylated platelet lysates immunopreciptiated with rabbit anti-GPVI tail antibody. Samples were analyzed on SDS-7.5% polyacrylamide gels. B, two-dimensional SDS-7.5% polyacrylamide gel analysis of convulxin-treated biotinylated platelets under nonreducing conditions in the first dimension and reducing conditions in the second dimension, blotted with anti-GPVI antibody and HRP-conjugated secondary antibody, or avidin-HRP, and visualized by ECL. The arrow points to the GPVIc, resolving as a single spot recognized by both anti-GPVI antibody and avidin-HRP. with an affinity-purified rabbit antibody against the GPVI cytoplasmic tail (36) . Fig. 4A shows this antibody recognized fulllength GPVI under resting conditions and, upon treatment with convulxin to induce GPVIc formation and shedding, also recognized a membrane-bound remnant of GPVI incorporating the cytoplasmic tail (ϳ10 kDa) and GPVIc (ϳ120 kDa). With time, both GPVI and GPVIc were shed from the platelet surface, concomitant with the appearance of an ϳ10-kDa remnant fragment of GPVI. Inclusion of GM6001 prevented the appearance of this cleaved fragment, but not formation of GPVIc, indicating that GPVIc was stable up to 30 min following convulxin treatment when metalloproteinase activity was inhibited. Longer exposure of the PVDF membrane to film also revealed an ϳ20-kDa fragment of GPVI in samples treated with convulxin for 10 and 30 min (Fig. 4B ). This ϳ20-kDa fragment was not present under reducing conditions (data not shown), suggesting that it was a dimeric fragment of the GPVI cytoplasmic tail recognized by the anti-GPVI tail antibody. The simplest explanation for these results is that GPVIc is a disulfide-dependent GPVI homodimer that forms through association of GPVI cytoplasmic domains, that is, C-terminal to the ectodomain cleavage site.
Dimerization of GPVI in RBL Cells
Involves Cys-338-To further characterize the nature of the GPVI dimer, we expressed human GPVI in RBL cells as described previously (15, 43) . These cells do not express endogenous GPVI but do express FcR␥ (required for GPVI surface expression) and signaling molecules required for GPVI function (43) . GPVI contains a total of six Cys residues, four of which are within the extracellular Ig domains (Cys-48 -Cys-88 and Cys-134 -Cys-180, respectively) upstream of the ectodomain cleavage site; however, Cys-274 within the transmembrane domain and Cys-338 within the cytoplasmic tail are both potential sites of disulfide bond formation (Fig. 5A) and consistent with the ϳ20-kDa dimeric fragment described above. To examine whether mutation of either Cys-274 or Cys-338 interferes with disulfide-dependent GPVIc formation, RBL cell lines stably expressing wild-type GPVI, or C274S or C338S mutant GPVI were prepared (43) . Analysis by flow cytometry (Fig. 5B) and Western blot (Fig. 5C ) using an anti-GPVI monoclonal antibody indicated that wild-type and mutant GPVI were expressed at similar levels. However, treatment with convulxin for 15 min or 4 h showed that under nonreducing conditions GPVIc could be detected in cells expressing wild-type GPVI and C274S GPVI but not C338S GPVI (Fig.  5C) . All of the cell lines shed the ϳ55-kDa GPVI fragment into the supernatant following convulxin treatment (data not shown), confirming that the mutant GPVI was expressed in a functional form competent to bind ligand and transmit signals leading to activation of proteolytic pathways required for GPVI ectodomain shedding but that ligand-induced formation of GPVIc is critically dependent on Cys-338.
DISCUSSION
In this study, we present evidence that (i) GPVI molecules exist as constitutive dimers on the platelet surface, facilitating their rapid ligand-induced dimerization; (ii) GPVI can be rapidly disulfide-linked to form a high molecular weight complex (GPVIc) following ligation by GPVI ligands; and (iii) Cys-338 within the cytoplasmic tail of GPVI is involved in the formation of disulfide-bonded homodimers.
First, the speed with which the disulfide-linked GPVI dimer is formed (appearing within 15 s and at maximal levels at 1-3 min) implies that a subpopulation of GPVI receptors is already present as noncovalently linked dimers on the platelet surface. This same argument for the existence of constitutive homodimers of the G protein-coupled dopamine D2 receptor has been made based on the capacity to rapidly form disulfidelinked homodimers, in this case induced by the oxidizing crosslinking reagent copper phenanthroline (48) . D2 neither forms disulfide bonds in response to ligand, nor is disulfide bond formation related to receptor ligand binding or signaling. Many members of the Ig-containing immunoreceptor superfamily exist on cell membranes as dimers and/or dimerize upon ligation during activation (27, 29 -31, 49) . The recently solved crystal structure of the Ig domains of GPVI and of Fc␥RIIa support a dimeric conformation (32, 49, 50) , and chemical cross-linking and bioluminescence resonance energy transfer analysis shows GPVI oligomerization on nonstimulated platelets involving the GPVI ectodomain, consistent with the presence of preexisting dimers (separated by Ͻ10 nm) and induction of higher level clusters (involving receptors separated by 10 nm or more) by multivalent ligand (33) . Thus, although our data showing rapid disulfide bond formation following ligand binding do not definitively prove the existence of constitutive GPVI homodimers on the platelet surface, they provide evidence supporting this proposition, consistent with other evidence obtained using different approaches such as chemical cross-linking, bioluminescence resonance energy transfer, or crystallography (32, 33) . In the case of Fc␥RIIa, dimer formation on the cell surface was also demonstrated by protein complementation studies, and mutation of residues at the dimerization interface did not affect ligand binding but significantly altered receptor activation (49) . It is also recognized that ligands that cause greater cross-linking and clustering of GPVI also more potently cause platelet activation and aggregation, whereas platelets (51, 52) or GPVI-expressing cells (34) with low levels of surface GPVI respond poorly to collagen. Recently, a peptide with a sequence match- ing two GPVI recognition motifs from collagen linked by a spacer was reported to induce greater platelet reactivity than a peptide containing the two motifs alone, implying that the first peptide might support simultaneous binding of two GPVI molecules in either a parallel or anti-parallel stacking arrangement (53) . In this study, GPVI disulfide-linked dimer formation was observed when platelets were treated with GPVI ligands, collagen, CRP, and the snake venom protein convulxin, with convulxin being the most potent of these agonists. Convulxin is a C-type lectin-like snake toxin from the rattlesnake C. durissus terrificus and is an octamer composed of four ␣␤ disulfidelinked heterodimers (6) ; the valency of different recombinant forms of convulxin reflects their potency with respect to platelet activation (54).
Second, although very little disulfide-linked GPVIc was present on resting platelets, levels increased rapidly following addition of GPVI agonist. The time frame for disulfide-linked dimer formation (15s to 3 min) precedes that of receptor proteolysis (Ͼ3 min; Ref. 8 and this study). In time course experiments, both disulfide-linked GPVI dimer and GPVI monomer undergo metalloproteinolysis. The majority of GPVI remaining on the platelet surface following extended convulxin treatment is in the form of cleaved GPVI monomer, as indicated by the greatly increased amount of monomeric GPVI tail (ϳ10 kDa) detected relative to dimeric GPVI tail (ϳ20 kDa) (Fig.  4B) . We found no evidence of an intermediate ϳ75-kDa GPVI species corresponding to an ϳ65-kDa full-length GPVI molecule disulfide bonded to an ϳ10-kDa remnant fragment of GPVI. These results show that GPVI dimer is lost either by metalloproteinase shedding or reduction following ligand binding.
Third, the identification of the ϳ20-kDa dimer of the GPVI cytoplasmic tail remnant, present in low abundance but detectable at longer exposures of immunoblots of platelets in which shedding had been induced by convulxin (10 -30 min), not only provided evidence that GPVIc was a GPVI homodimer but also indicated that the site of the disulfide bond must be C-terminal to the ectodomain cleavage site, PAR2QYY (40) , that is, within the ϳ10-kDa membrane-associated remnant sequence. There are only two available Cys residues within this region (Fig. 5A) . Studies with recombinant GPVI expressed in RBL cells identified Cys-338 as being involved in disulfide bond formation. Although wild-type and C227S GPVI dimerized in response to convulxin, C338S GPVI did not form disulfide-linked GPVIc. This is unusual in that Cys-338 is the penultimate C-terminal residue in the GPVI cytoplasmic tail (Fig. 5A) and unique among the immunoreceptor family of receptors. Nevertheless, several reports provide precedence for the involvement of the cytoplasmic tail in disulfide-dependent dimerization of other receptors. For example, the C-terminal tail of the G proteincoupled ␦-opioid receptor is necessary for dimerization (55) . Ultraviolet light promotes the dimerization and activation of oncogenic RET tyrosine kinase proteins through intracellular disulfide bond formation (56) , and osmotic stress triggers activation of RET kinase via disulfide-dependent dimerization of RET proteins at their C-terminal kinase domain (57) . Disulfide cross-linking between the cytoplasmic domains of adjacent Na ϩ /H ϩ exchanger (NHE-1) molecules has also been reported (58) . Using a proteomics approach, Cumming et al. (59) reported the existence of stable cytoplasmic disulfide bonds between a range of intracellular proteins in both resting and oxidant-stressed neuronal cells.
Interestingly, the cytoplasmic sequence of mouse GPVI lacks the C-terminal sequence containing Cys-338, suggesting that mouse GPVI would be unable to form ligand-induced disulfidedependent dimers by this mechanism. Although mouse GPVI lacks Cys-338, its absence would not preclude noncovalent association or disulfide bond formation involving other thiols. In fact, mouse GPVI contains another Cys residue within the cytoplasmic tail ϳ9 residues downstream of the transmembrane domain. The other five Cys residues are conserved. It is also possible that the surface arrangement of GPVI or mechanisms for covalent or noncovalent dimer formation on mouse platelets could be different from human platelets.
In conclusion, we report for the first time that the human platelet receptor GPVI rapidly forms a disulfide-dependent dimer following treatment of platelets with GPVI agonists. Dimerization of GPVI is an early, transient event in platelet activation that occurs upstream of signaling and is consistent with known functional dimerization of ITAM-based receptors (including GPVI-associated FcR␥ chain) leading to Syk activation. Studies are under way to determine whether disulfide-dependent dimer formation represents a mechanism to accelerate receptor activation, a protective mechanism against agonistinduced shedding, or both.
